ABSTRACT: Photoconductivity measurements of CH 3 NH 3 PbI 3 deposited between two dielectric-protected Au electrodes show extremely slow response. The CH 3 NH 3 PbI 3 , bridging a gap of ∼2000 nm, was subjected to a DC bias and cycles of 5 min illumination and varying dark duration. The approach to steady -state photocurrent lasted tens of seconds with a strong dependence on the dark duration preceding the illumination. On the basis of DFT calculations, we propose that under light + bias the methylammonium ions are freed to rotate and align along the electric field, thus modifying the structure of the inorganic scaffold. While ions alignment is expected to be fast, the adjustment of the inorganic scaffold seems to last seconds as reflected in the extremely slow photoconductivity response. We propose that under working conditions a modified, photostable, perovskite structure is formed, depending on the bias and illumination parameters. Our findings seem to clarify the origin of the well-known hysteresis in perovskite solar cells.
O
riginating from research on solution-processable semiconductors, photovoltaic devices based on methylammonium lead trihalide perovskite absorbers (CH 3 NH 3 PbX 3 or MAPbX 3 where X = Br, Cl, I) have reported certified efficiencies as high as 17.9%. Whereas the first reported perovskite-sensitized solar cell back in 2009 showed 3.8% efficiency in a dye-sensitized solar cell (DSSC) configuration, 1 these absorbers were implemented in three other device architectures, all yielding more than 15% efficiency. 2−4 The structural diversity ranged between meso-superstructures 2 (replacing the nanoporous TiO 2 5,6 with an alumina scaffold) to mesoscopic 3 and planar junction 4 devices. In the mesosuperstructure and planar junction devices a mixed halide perovskite (MAPbI 3−x Cl x ) was used. The band-gap and crystal structure remained the same as when using the plain MAPbI 3 . 7 However, for reasons that are still under investigation, properties such as charge-carrier diffusion lengths and PL lifetime are greatly enhanced in the MAPbI 3−x Cl x . 8, 9 The fact that the physics of each of these three devices is inherently different is an indication that MAPbX 3 materials are very unique. 10, 11 The hybrid perovskites are ambipolar, 12−14 can efficiently transport both electrons and holes, 15−17 and possess unusually long electron and hole diffusion lengths. 8, 18 However, most of the fundamental questions concerning why these materials are so effective at generating and transporting photocurrents remain unanswered. Despite the rapid increase in MAPbX 3 solar cell efficiency associated with device evolution, optimization and full characterization of devices is still a major assignment for researchers to accomplish. 10, 19, 20 While advanced characterization 7,21−23 of MAPbX 3 solar cells is already in progress around the world, photophysical studies of isolated perovskite thin films under solar cell working conditions are still rare.
In this work, we studied the photoconductivity of MAPbI 3 deposited between two gold electrodes spaced ∼2000 nm apart. The novelty of the device is that it is a symmetrical system, without any intrinsic selective contacts (electron and hole transport materials). A constant DC bias was applied between the two dielectric-protected Au electrodes (20 nm of Al 2 O 3 ), while the film was illuminated from the bottom, as illustrated in Scheme 1. A film of MAPbI 3 was deposited by spin coating into the gap and then annealed and photophysically characterized. Figure 1a shows a high-resolution scanning electron microscope (HRSEM) image of the empty gap of ∼1500 nm before MAPbI 3 deposition. The gap was created using a focused ion beam (FIB), utilizing Gallium ions for the patterning (The patterning's role is to create two closely spaced electrodes and is described fully in the Experimental Methods and Computa-tional Details.) The goal of the insulating Al 2 O 3 top layer was to prevent electrical interaction between the deposited MAPbI 3 and the gold's top surface. Moreover, when depositing MAPbI 3 directly on gold electrodes without any top layer of Al 2 O 3 , the perovskite film covered the gap and the surface of the adjacent electrodes, making it hard to visibly distinguish if the perovskite actually penetrated the gap efficiently ( Figure S1 in the Supporting Information). Surprisingly, we have learned that the MAPbI 3 solution does not wet the Al 2 O 3 layer well, causing the film to settle mostly inside the gap, as seen in Figure 1b ,c (gap width is ∼2000 nm). Because of the fact that the MAPbI 3 formation was mostly constrained to the gap, no visible evidence of the perovskite (black color) was observed on the device. Several gap widths in the range of 500−2500 nm were measured in this study. However, complete filling of the gap was successful only in the wider ones. Thus, the current report utilizes data of gaps that are ∼2000 nm apart.
Prior to the deposition of the MAPbI 3 , the FIB patterning was verified by connecting the setup to a potentiostat and sweeping through a wide range of biases, all showing null currents between the working and the counter electrodes (data not shown). The system is symmetrical and without any selective contacts, and so a DC bias was applied to create current flow. Measurements were done under a range of continuous DC biases. The MAPbI 3 filled gap was illuminated for 5 min with white light at 1 sun intensity; then, the light was turned off for between 1 and 60 s, each time for a different duration. The light was then turned on again for 5 min. This process continued until a full current versus time (i−t) profile was obtained, comprised from many dark/light cycles (each cycle referring to a different amount of "dark time" and then held under light for 5 min).
Our system was designed to study the photoconductivity of MAPbI 3 . In a general photoconductivity measurement when the light is turned on, a typical spike followed by a decay or a direct rise is observed. In some of the studied gap systems, we observed the spike followed by a decay, as seen in Figure 2a (This case will be designated as spike → decay.) However, in other gap systems, in which the perovskite was deposited in the same way, we observed currents slowly rise directly to a steady state without an initial spike, as seen in Figure 2c ,d. (This case will be designated as direct rise.) It is important to note that changing the magnitude or the sign of the bias did not shift between the two cases (opposite photoconductivity responses). However, the common phenomenon to both cases is the very long time scales it takes for the current to reach a steady state. This behavior is also dependent on the amount of time the system is in the dark prior to reillumination. We attribute this phenomenon to dipole alignment under bias + light of MA in the MAPbI 3 . We will discuss other possible mechanisms, and explain why, in our opinion, they are not suitable in this Figure S2 in the Supporting Information for log presentation.) The case of direct rise is presented in a similar way with Figure 3d ,e presenting the different cycles with applied biases of 0.1 and 0.3 V, respectively (log presentation in Figure S2 in the Supporting Information). The negative current signs in Figure 3d ,e have no physical meaning and are derived from the normalization. The curves are defined by the dark time that preceded its illumination period.
It is clear from Figure 3 that for both cases the amount of time it takes to reach steady-state currents is on the order of many seconds. Moreover, the time it takes to reach steady state is dependent on the dark duration prior to reillumination. In other words, as the dark period is longer, the decay is slower. This very surprising finding shows that the decays are on the order of many seconds, reaching even to tens of seconds in specific cases. These values are enormous compared with other well-known semiconductors used in photovoltaic devices, and as far as we know, this is the first time it is shown in an isolated MAPbX 3 thin film, without selective-contacts. In addition, the magnitude of the electric field (the DC bias) induced on the MAPbI 3 also affects the decay times. As the bias increased, the decays became slower. This can be seen clearly comparing Figure 3a ,b, or d,e, where in Figure 3b ,e, the bias magnitude is three times higher. When we applied higher biases, such as 1 V, the effect was even stronger however much nosier (Figure S3 in the Supporting Information). Figure 3c ,f shows for both cases the time (in seconds) it took for the current to reach steady state versus the preceding dark duration. It is shown that the dark duration affects the time required for the system to reach steady state under illumination. Up to ∼30 s, the relaxation time to steady-state photocurrent increases with the preceding dark length. For longer dark periods, a plateau is observed, indicating that the system relaxes to its dark state within ∼30 s. We note that Figure 3c ,f present a decay to 5% of the initial peak value, which resembles decay rates rather than the absolute time. As can be seen from Figure  3a ,b or d,e, the absolute decay time increases with the bias applied across the gap.
The observed current decays seem to be associated with changes in charge mobility; that is, upon illumination the photoconductivity slowly decreases (spike → decay) or increases (direct rise) to a steady-state value with illumination time. The fact that longer dark durations prolong this decay/ rise process suggests that the material somehow endures changes under illumination, while in the dark it returns to a relaxed state. The results suggest that the transition between the proposed states is very slow: tens of seconds. These time scales are very uncommon, in both the dark and light.
Before we progress along this hypothesis, we need to examine two very straightforward possibilities. First, the MAPbI 3 interacts somehow with the alumina layer, causing long-lived traps that delay these decay times. As a result, the same measurements were carried out without a top layer of Al 2 O 3 , yielding the same observed decays. The second possibility relates to the spike → decay case only thus seeming irrelevant. Nevertheless, we examined it. The notion was a possible charge accumulation in the film occurring under illumination, which slowly builds up with time and causes the observed decays. To find out, we integrated the area underneath the current decay curve yielding charge. The charge was then divided by the volume of the MAPbI 3 film (estimated by prior knowledge of the dimensions of the gap). The calculated numbers were enormous, ranging in some cases between 0.1 and 1 electrons per unit cell of MAPbI 3 . Because of the magnitude of these numbers and the fact that it does not explain the direct rise case, we abandoned the possibility of charge build-up.
Three mechanisms can be suggested for the observed photoconductivity responses: (a) migration of the methylammonium ions throughout the film under illumination and electric fields, (b) photoinduced traps for charge carries in the MAPbI 3 (within the bulk or near the surface/interface), and (c) dipole alignment in the material induced by a combination of illumination and the bias applied across the MAPbX 3 (a material that has already been observed to possess ferroelectric properties 24 ). However, when witnessing two opposite behaviors of decreased/increased photoconductivity in the same material (different devices), the first two mechanisms are less probable. Migration of ions is unlikely because the ions will always migrate toward the negative electrode, resulting in only one photoconductivity response. In addition, photoinduced traps are also unlikely because they cannot explain the case of increased photoconductivity (direct rise) over time. We propose dipole alignment in the material induced by a combination of light + bias as the most probable scenario that occurs in the MAPbX 3 , and we will elaborate it in length. The three mechanisms were also discussed by Snaith et al., in reference to the widely observed hysteresis phenomenon in MAPbX 3 solar cells, 25 but the experimental data were not sufficient to discriminate between the mechanisms.
In light of the previous discussion, hypothesis c was investigated, that is, the chance of a structural change associated with orientation of the methylammonium dipoles mediated by light absorption. In the low-temperature limit, that is, for the orthorhombic phase, the MA cations show an ordered orientation. 26 For the high-temperature cubic phase of MAPbI 3 , a fast rotational dynamics of the MA cations was observed, with a characteristic picosecond time scale. 27 We note that even without any external perturbation (light or bias) the MA cations exhibit a dynamic disorder for the room-temperature tetragonal phase of the MAPbI 3 perovskite. 28 To check whether light absorption could alter the possible preferred orientation of the MA cations, we have performed DFT calculations, both scalar relativistic (SR) and including spin−orbit coupling (SOC); see the Experimental Methods and Computational Details later. We considered two MAPbI 3 structures, one similar to the lowest energy structure previously characterized by some of us, 29 hereafter structure 1 (dark structure), and one obtained by a ferroelectric arrangement of the methylammonium cations, 24 hereafter structure 2 (light + bias structure); see Figure 4 . Structure 1 is characterized by the methylammonium cations lying slightly bent (∼30°angle) with respect to the ab plane (Figure 4) , with a twisted head-to-head arrangement and a sizable tilting of the PbI 6 octahedra, as experimentally found, 24, 30 while in structure 2 the MA cations are strongly oriented along the crystallographic c axis, with no octahedra tilting. Notice that the two considered structures are simply chosen here to sample partially disordered and strongly ordered MA configurations. Our calculations, performed without any symmetry constraint on a 48 atoms unit cell, reveal for both structure 1 and 2 an atomic arrangement consistent with the I4cm space group, with a sizable off centering of the Pb atoms, more pronounced for structure 2; see Figure 4 .
Upon relaxation of atomic and lattice parameters, structure 2 is predicted to be less stable than 1 by 0.37 eV. The calculated cell parameters are in both cases within 1 to 2% of the corresponding experimental data, 24 but notably in structure 2 an expansion of the a−b parameters is found, associated with a slight contraction of the c lattice dimension; see Table 1 .
Structures 1 and 2 are characterized by a similar band gap; inclusion of SOC leads in both cases to a reduction of the band gap 31 with the nontilted structure 2 showing a further band-gap reduction by SOC. 32 Despite the fact that SOC-DFT calculated band gaps are smaller than experimental values, we can confidently say that the two structures have roughly the same band gap within ±0.05 eV. Relativistic GW calculations on MAPbI 3 indeed confirm that SOC-DFT band gaps qualitatively follow the trend of the more accurate SOC-GW results. 33, 34 To provide insight into a possible light-induced methylammonium rearrangement mechanism, we simulated the lowest triplet state for structures 1 and 2, obtained by unpairing one electron from the ground state, and calculated the binding energy of a methylammonium cation to structures 1 and 2 in the ground state and in the lowest triplet state within SR-DFT. Our calculations indicate there is a decrease in the binding energy of the MA ions to the inorganic cage (by 0.07 eV) when going from the ground to the lowest triplet state. This binding energy reduction likely allows the cations to more freely rotate upon light excitation. Such binding energy decrease is originated by the I → Pb charge-transfer nature of the bandgap excitation (Figure 5) , which depletes the negative charge carried by the iodine atoms. The MA cations, mainly interacting with the inorganic cage by hydrogen bonding to the iodine atoms, are therefore less tightly bound in the excited state than in the ground state and can more freely rotate under the action of the applied electric field. This mechanism could be related to the "photoferroic effect" proposed by Brivio et al., 35 and it can be possibly associated with the exciton screening by collective orientational motion of the organic cations at room temperature, leading to almost free carriers, suggested by Even et al. 36 We have thus shown that the movement of the MA cations is likely to have a significant effect on the polarity of the MAPbI 3 , possibly causing a structural change to the inorganic framework of the material. These changes might take longer to follow the new dipole direction, although we still cannot estimate their time dynamics. The amount of dark time it takes for the MAPbI 3 to reach a relaxed state can be derived from Figure 3c ,f, and it is ∼30 s. If the material is reilluminated before full relaxation, the decay will be faster due to the fact that some dipoles are still aligned in the direction of the electric field.
As previously discussed, the photoconductivity can vary in two opposite directions, showing either the spike → decay (decreased photoconductivity) response or the direct rise (increased photoconductivity) response. As previously noted, these responses are sample specific; that is, for a given gap system we observe only one type of response. Consequently, we suggest that the observed phenomena are connected with the specific film deposition parameters. These highly subtle parameters control the specific structure or orientation of the polycrystalline film 37 with respect to the gold electrodes. At each specific structure or orientation, the photoconductivity response will depend on the collective alignment of the MA dipoles under light + bias. For some structures it will decrease, while others will experience an increase.
The long decays/rises shown in Figure 3 , which we interpret as photo + bias-induced changes in photoconductivity, can shed light on the known hysteresis in the MAPbX 3 materials. This hysteresis is said to be related to device architecture and iV scan rate, 25 although its origin has not been fully understood. Furthermore, this effect is not detectable in dark measurements. 38 As we have shown here, the photoconductivity changes are very much dependent on the magnitude of the applied bias. (As the bias increased, the decays/rises were slower.) In a typical iV scan of a solar cell, the applied bias is swept in both directions, from forward bias to short-circuit and from short-circuit to forward bias. In one direction, the electric field is changing from high to low and then from low to high. In perovskite solar cells, it has been shown that the hysteresis gets more extreme as the scan rate is reduced. (It can still be significant at very slow scan rates.) Taking into account the fact that the MAPbX 3 may fully transforms to its so-called "new" structure in ∼30 s, scanning the voltage causes a constant structural change due to the constant collective alignment of the MA dipoles. Therefore, the iV scan rate is a key factor; that is, when the rate is fast, the inorganic scaffold of the MAPbX 3 does not have sufficient time to adjust. This could reduce the transient change in photoconductivity, which would result in a reduced hysteresis. Our theory has been reinforced by Bisquert et al., who recently showed slow dynamic processes 39 and photoinduced giant dielectric constants 40 in MAPbX 3 solar cells. The authors' hypothesis is that structural fluctuations depended on the MA freedom of rotation.
It has been shown in a perovskite solar cell that when holding the potential near V oc , J sc , and the maximum power point (MPP) under light for long periods of time, the photocurrent reaches a steady state after many seconds. 25 This amount of time is on the same time scales as our observed changes in photoconductivity. The authors do show that after holding the potential near the MPP, an increase in the photo current occurs. However, when sweeping the applied bias after the light exposure at the MPP, the hysteresis was still strongly apparent.
In summary, we have designed a method to study MAPbI 3 perovskite films without selective contacts. Under a range of applied biases and preset dark and light times, we have measured the photoconductivity of MAPbI 3 . Noticeable are two opposite cases of decreased and increased photoconductivity occurring with time. The difference between the two cases is suggested to depend on exact film deposition parameters, which determine a specific structure or orientation of the polycrystalline film relative to the gold electrodes. The common phenomenon to both cases is the long time scales it takes to reach a steady-state current. In addition, the amount of time in the dark before reillumination affects the time to a steady state. We propose that under light + bias the methylammonium ions have enhanced rotational freedom and may align with the electric field, as indicated by DFT calculations. Our calculations also suggest a marginal band-gap variation upon cation alignment, which could be difficult to reveal by optical spectroscopy. This alignment might be very fast, but the adjustment of the inorganic scaffold is much slower, seen as long time-scale changes in the photoconductivity. We propose that under solar cell working conditions the structure of the CH 3 NH 3 PbI 3 perovskite varies depending on the applied bias and/or the light intensity. This phenomenon can explain the long duration reported for cells to reach maximum power upon illumination (changes in illumination conditions) as well as the well-known hysteresis during iV scans (bias variation). It is also possible that the findings reported in this work explain the uniqueness of this material family with respect to photovoltaic applications.
■ EXPERIMENTAL METHODS AND COMPUTATIONAL DETAILS
Fabrication of the electrodes was done by deposition of Al 2 O 3 / Au/Cr (thicknesses: 20/100/10 nm, respectively) in rectangular designs on top of a glass substrate using a mechanical mask. The rectangle's dimensions were 25 mm × 1 mm. Both ends of the rectangle were masked prior to the Al 2 O 3 deposition to allow electrical contact with the Au layer. The gaps were created by a FIB (combined with a scanning electron microscope) to pattern a gap across each rectangle, resulting in a two separate electrodes spaced 500−2500 nm apart. The perovskite CH 3 NH 3 PbI 3 was prepared using a procedure described elsewhere. 41 Methylammonium iodide (CH 3 NH 3 I) was synthesized by reacting methylamine (CH 3 NH 2 ) solution (33 wt % in absolute ethanol) with hydroiodic acid (HI) (57 wt % in water) under a nitrogen atmosphere at 0°C for 2 h. A white-colored powder was formed after evaporation in a rotary evaporator. The precipitate was washed several times with diethyl ether and dried under a vacuum overnight at 60°C, then used without further purification. The synthesized CH 3 NH 3 I (0.1975 g) and PbI 2 (0.578 g, 99% Aldrich) were mixed in dimethylformamide (1 mL, 99.8% Aldrich) overnight at 60°C and filtered with a PTFE filter with a 0.45 μm pore size before use. To deposit the perovskite inside the gap, we spun 50 μL on top of the device at 2000 rpm for 60 s before being annealed at 90°C for 30 min, all inside a drybox. Prior to the electrical measurements, the contacts were cleaned thoroughly with ethanol to dissolve any residues of perovskite that might interfere with the experiment. A programmable automated system mediated between an array of eight white LEDs used for illumination and a potentiostat (Autolab), with all measurements performed under a flow of nitrogen. The perovskite morphology images were acquired by a fieldemission, FEI, Helios 600 high-resolution scanning electron microscope (HRSEM).
DFT calculations with periodic boundary conditions were performed. The PBE exchange-correlation functional 42 was used for all DFT calculations. Geometry optimizations and electronic structure analysis have been carried out using the PWSCF code as implemented Quantum Espresso program package. 43 Electron−ion interactions were described by PBE ultrasoft pseudopotentials with electrons from Pb 5d, 6s, 6p; N and C 2s, 2p; H 1s; and I 5s, 5p shells explicitly included in the calculations. A 4 × 4 × 4 Monkhorst−Pack 44 grid was chosen for sampling the Brillouin zone. Plane-wave basis-set cutoffs for the smooth part of the wave functions and the augmented density of 25 and 200 Ry, respectively, were used. 
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